Impact of the sea surface temperature anomalies (SSTAs) on atmospheric circulations are studied with emphasis on the winter climate in Japan with the use of an atmospheric general circulation model.
Introduction
Numerical experiments to study atmospheric responses to the sea surface temperature anomalies (SSTAs) were commenced by Rowntree (1972) , being inspired by the pioneering work of Bjerknes (1966 Bjerknes ( , 1969 . It is followed by Julian and Chervin (1978) , Shukla and Wallace (1983) , Blackmon et al. (1983) , Geisler et al. (1985) and Tokioka et al. (1986a) among others. In particular since the big 1982/83 El Nino, much attention is paid to El Nino and its influence on the atmosphere, and many experiments using the observed 1982/83 Eino SSTA or an idealized SSTA were performed and c1988, Meteorological
Society of Japan intercomparison of model results is made (Nihoul,1985; WCP,1986) . The interannual variation of the interaction between the tropics and mid-latitudes during the northern winter has been investigated associated with the El Nino/Southern Oscillation phenomena (e.g., Horel and Wallace, 1981; van Loon and Rogers, 1981; Lau and Chan, 1983a, b) . Keshavamurty (1982) performed sensitivity experiments with warm idealized SSTAs over the eastern, central and western equatorial Pacific Ocean during northern summer season with the GFDL GCM and obtained a larger atmospheric response in case of the central and western Pacific anomalies. Simmons et al. (1983) and Branstator (1985) show that the winter atmos-phere is most sensitive to the forcing over the Southeast Asia/Indochina region. A review of the studies of SSTAs and atmospheric circulations in mid-latitudes can be found in Frankignoul (1985) .
As to the direct relation between winter climate in Japan and the global SSTAs, several groups have undertaken an analysis of the observational data (e.g., Kawamura, 1984 Kawamura, , 1986 Iwasaka et al., 1987) . The winter climate in Japan tends to be mild in El Nino years. That was true in 1982/83 and 1986/87 winter, but not in the 1976/77 winter. The surface air temperature in central Japan is shown to have high temporal correlation with warm SSTA over the equatorial central Pacific Ocean, but also with warm SSTA over south and east off Japan, the South China Sea and the Indian Ocean. On the other hand it is reported that SSTA in the North Pacific Ocean is caused by an atmospheric fluctuation (Kawamura, 1984; Iwasaka et al., 1987) . Kawamura (1984) claims that warm SSTA off Japan is a result of the weaker cold surge than normal
The purpose of this experiment is to study whether the SSTA observed in a "warm year" in Japan can produce circulation anomalies relevant to warm Japan, and, if so, to study which SSTA mostly affect those circulation anomalies. Section 2 shows the relation between winter climate in Japan and the SSTA. Section 3 describes the model used and the design of the experiment. The model climate in the control run is briefly shown in Section 4. Characteristics of low-latitude precipitation are studied in Section 5. and mid-latitude circulation variability is examined in terms of geopotential height at 500mb in Section 6. Discussions are presented in Section 7 and conclusions are made in Section 8.
2. Winter temperature in Japan and global sea surface temperature a. Surface air temperature in Japan In order to define years of warm/cold winter in Japan, areal mean surface air temperature in Japan is calculated from twelve climatological observation stations* from 1970 to 1984 (Japan * Sapporo , Nemuro, Akita, Miyako, Wajima, Matsumoto, Yonago, Shionomisaki, Fukuoka, Kagoshima, Shimizu (Ashizuri) and Ishigakijima. Meteorological Agency, 1980 Agency, , 1981 Agency, , 1984 Agency, , 1987 . Here 'winter' is defined as December, January and February, and the year of 1970 represents a mean of December 1969 , January 1970 and February 1970 . Figure 1 shows the winter temperature anomaly from the 15-year mean. The four warm winters in Japan in the upper quartile of this distribution include 1979 , 1973, 1972 and 1983 (in the descending order of temperature anomaly). The four cold winters in Japan of this distribution include 1984 , 1977, 1981 and 1974 (in the ascending order). The El Nino years in this period are 1970 , 1973 , 1977 (Rasmusson and Carpenter , 1982 Weare, 1986) . Among these four years, two years and one year are selected as warm and cold years in Japan, respectively. 1972, 1973, 1979 and 1983 (top) and of 1974, 1977, 1981 and 1984 (bottom) . Contour interval is 0.5*.
Negative values are shaded.
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A. Kitoh 517 b. Sea surface temperature composite Here the SST averaged for four warm and four cold winters in Japan are compared with the normal SST. The SST data edited by U. S. NOAA north of 40*S from 1970 to 1984 is used and the 15-year mean is defined as the normal SST in the present experiment.
Figure 2 (top) shows the composited SSTA in four Januarys when the surface air temperature in Japan is warm. The SSTA is characterized by a warmer than normal SST in the central and the eastern equatorial Pacific Ocean surrounded by a horseshoe-shaped colder SST in the subtropics. In the western Pacific Ocean, it is warm to the south and east of Japan, in the South China Sea and to the northwest of Australia, while it is cool to the east of the Philippines. It is also warm in the tropical Indian Ocean. In the Atlantic Ocean it is warm in the southen hemisphere and is cold in the northern hemisphere. Among four years used to compose this SSTA, two years (1973 and 1983) are E1 Nino years and the composited SSTA in the tropical Pacific Ocean still shows the characteristic pattern of El Nub, although its magnitude is smaller than the El Nino composite of Rasmusson and Carpenter (1982) .
Figure 2 (bottom) shows the composited SSTA in four Januarys when the surface air temperature in Japan is cold. The pattern in Fig.  2 (bottom) is similar to that in Fig. 2 (top) if the sign is reversed in broad regions in the Pacific and the Indian Ocean.
3. Outline of the model and the design of the experiment a. Model The model used is the Meteorological Research Institute GCM (MRI-GCM-I) with a horizontal resolution of 5* in longitude and 4* in latitude. In the computation of radiative heating rate, the model uses Katayama's parameterization (1972) . Predicted amount of water vapor and cloud are used in the computation. The dry convective adjustment, middle level convection and penetrative cumulus parameterization by Arakawa and Schubert (1974) are used for parameterizing convective processes as well as the grid-scale condensation due to supersaturation. Surface fluxes of sensible heat, water vapor and momentum are computed by the bulk method with the transfer coefficient proposed by Deardorff (1972) . Ground temperature, snow mass and soil moisture (ground wetness) are predicted by considering ground thermodynamics and hydrology after Katayama (1978) . Further details of the model are described in Tokioka et al. (1984) . The January performances of the model are reported by Tokioka et al. (1985) .
b. Experiment
The control run (C) started from the NMC analysis of 12Z 15 December 1982 and was integrated for one month to 15 January under the seasonal cycle. Then the seasonal march was stopped and the integration was performed for 180 days under the perpetual January condition. The normal SST is used in C.
Eight anomaly runs were performed for 180 days from 15 January of the control run with the SSTAs as summarized in Table 1 . Run AW used the composited SSTA (Fig. 2a) for warm winter in Japan, while run AC used the composited SSTA (Fig. 2b) for cold winter in Japan. Runs A l through A6 were performed mainly to increase the sample size, although their SSTA regions correspond to key regions in AW. They adopted an idealized rectangular SSTA with its maximum of 1.0* (Fig. 3) , which have the positive SSTA over the south maritime continent, the north maritime continent, the Indian Ocean, south of Japan, the central equatorial Pacific Ocean and the negative SSTA east of the Philippines, respectively.
By discarding the first 30 days' data, the remaining 150 days' data in each run were used un the following analyses. For the purpose of empirical orthogonal function (EOF) analyses, 150 days were divided into five 30-day subperiods.
An additional run A7 was also performed with the positive SSTA to the east of the dateline over the equator. This run is not included in the EOF analyses and is independently treated in Section 7.
Control run
Before discussing the results obtained in thus There is also large precipitation over land in the tropics, i, e., over southern Africa and Brazil. Also found are large precipitation areas over the North Pacific and Atlantic Oceans, which correspond to cyclonically active areas. The control run has produced fairly well the basic climatological characteristics in the precipitation field in this season such as reported by Schutz and Gates (1971) . Overall circulation patterns in the control run also compare favorably with the climatological ones (not shown) and are close to those in Tokioka et al. (1985) . For example, a subtropical jet at 300mb with the zonal velocity greater than 70m s-1 is simulated to the southeast of Japan. That over the east coast of North America has a speed of about 45m s-1. Mid-oceanic troughs are present over the Pacific and Atlantic Oceans in both hemispheres. At the equator, westerlies are found over the eastern Pacific Ocean and over the Atlantic Ocean.
Precipitation in low latitudes
a. Local response Figure 5 shows the 150-day mean precipitation anomaly (AW-C, AC-C, Al-C, ..., A6-C). Anomalies in precipitation and evaporation in A1 through A6 averaged over the corresponding anomaly region are shown in columns 4 and 5 of Table 2 together with the SST and precipitation in C. Response of precipitation over the anomaly region is large in AS and A1. That in A3 and A2 is moderate, while that in A4 is small . The largest response of a local precipitation anomaly is obtained where the normal SST is above 28 .5* and the precipitation in C is great. Thus response to the SSTA is not spatially uniform, but is large where there is lots of precipitation in the control run and the low-level circulation is such that the moisture flux convergence maintains the large precipitation. As shown in Table 2 , the contribution of the increased local evaporation has a minor role in the increase of precipitation . The increase in precipitation is largely due to the increased moisture flux convergence induced by the circulation change. This is in agreement with the earlier studies (e.g., Cornejo-Garrido and Stone, 1977; Julian and Chervin, 1978; Shukla and Wallace,1983; Mechoso et al., 1987) . In A2 and A4, the evaporation even decreases in spite of the increased local SST. The weakened cold surge gives rise to this result.
b. EOF analysis
As shown in the previous subsection, a contribution by the increase in local evaporation is generally less than that by moisture flux convergence, although the relative importance of anomalous evaporation and moisture flux convergence in maintaining anomalous precipitation varies in space (Mechoso et al., 1987) . When there is an anomalous increase in precipitation which originates from the prescribed SSTA , or whatever the reason, it is accompanied by an anomalous decrease in precipitation caused by moisture flux divergence. In this subsection the characteristic pattern of anomalous precipitation distribution resulting from this SSTA experiment under the perpetual January condition is Table 2 Sea surface temperature and precipitation for C averaged over the six SSTA region , and anomalies in precipitation and evaporation in six runs A 1 through A6 averaged in their SSTA region. investigated by the EOF analysis using the covariance method.
The precipitation data used is the 30-day averaged precipitation on all grid points between 30*S and 30*N. The 150 days' data in each run is divided into five successive 30 days' data. Therefore, at each grid point, there are 45 data from one control and eight anomaly runs.* The first four eigenvectors and eigencoefficients are shown in Fig. 6 .
Firstly the zonally elongated precipitation pattern is noted in low latitudes. A similar structure can be seen in a precipitation pattern map for the Pacific Ocean which is associated with the El Nino/Southern Oscillation (Ropelewski and Halpert, 1987).
* To check the stability of the result , the EOF analysis is repeated by reducing grid points by narrowing the region from 0*-360*, 30*S-30*N to 0*-360*, 14*S-14*N, and again to 30*E-150*W, 14*S-14*N. The leading eigenvectors hardly change over the region discussed here, except that the third and fourth eigenvectors obtained in two broader regions appear in the fourth and third eigenvectors in the other, respectively.
The first eigenvector (denoted as El) of precipitation (Pr), El (Pr), explains 11.1% of the total variance. It is characterized by the precipitation anomaly zonally elongated over the equator north of New Guinea. It stretcher more than 60*wide from Borneo to the east of the dateline, although its meridional scale is about 8* (2 grids in the model). This region is accompanied with other zonally elongated anomaly regions with opposite sign on both sides. The maximum is located over oceans between Indonesia and Australia (120*E, 6*S), which is contrasted with a center at 150*E, 2*S. It is noted that the precipitation anomalies in El (Pr) show not a small anomaly northeastward from 0*N, 180*E to 16*N, 160*W.
Overall response in the southern hemisphere is larger than that in the northern hemisphere. Since the present experiment is performed under the perpetual January condition, the SST in the control run is higher in the southern hemisphere than in the northern hemisphere and the precipitation is also larger in the southern hemisphere. It is inferred that meridional asymmetry in the precipitation variability is due to this experimental condition.
The coefficient of El (Pr), denoted as C1 (Pr), shows that AW, Al and AC are the main contributors to El (Pr). AW has consistently large coefficients in all five subperiods. On the other hand, Al and AC have negative values of coefficients, indicating large positive precipitation anomalies between Indonesia and Australia accompanied by negative ones over the equator to the northeast of the positive anomalies.
E2 (Pr) (7.4%) is mainly explained by A5. When there are positive precipitation anomalies to the east of New Guinea, the counteracting negative anomalies appear in a zonally elongated band to the north of it and over the maritime continent to the west of New Guinea. AC, Al and A4 have moderate contributions to this mode.
A 1 and A3 have mostly contributed to E3 (Pr) (4.7%). When precipitation in the south maritime continent is large, there are positive anomalies south of the equator and negative anomalies north of the equator between 120*E and 180*E. At the same time there are large negative anomalies in the western Indian Ocean. This anomaly is paired with the anomaly of opposite sign in Central Africa.
The fourth component (E4 (Pr), 4.4%) has a smaller spatial scale of anomalies than the preceding three EOFs. E4 (Pr) is characterized by chains of positive and negative anomalies in equatorial latitudes in the eastern hemisphere from Africa to the dateline. The coefficients of AC show large negative values in four out of five subperiods.
It is indicated that A1, in which the positive SSTA is assigned over the south maritime continent, shows large contributions both in El (Pr) and E3 (Pr). Figure 6 shows that the magnitude of C1 (Pr) is large in subperiods 1, 4 and 5 of Al, and that of C3 (Pr) is large in subperiods 2 and 3 of Al, as marked by open circles. In the 150-day mean precipitation anomaly map (Fig. 5 ), positive precipitation anomalies over the SSTA region are flanked with two negative anomalies on the eastern and western sides. Clear distinction into two subperiods (1-4-5) and (2-3) of the eigencoefficients of Al suggests that the eastern and western pairs of precipitation anomalies occurred independently, resulting in one positive and two negative anomalies in the long-term mean. These precipitation anomalies are accompanied by an east-west circulation. This east-west cell, with its center over the maritime continent and its width of about 60*, can exist on both sides. However, these two east-west cells do not appear simultaneously, but either cell appears at one time.
6. Mid-latitude circulation a. Geopotential height
The 30-day averaged grid data of geopotential height at 500mb (Z500) are transformed into spherical harmonic functions which have a zonal wavenumber up to 8 and meridional nodes up to 13 as in Tokioka et al. (1986a) . The EOF analysis is applied for this time series data of truncated modes. Figure 7 shows the first and second eigenvectors of Z500. El (Z500) explains 33.8% of the total variance and is characterized by the high pressure region (if a coefficient is positive) over the North Pacific Ocean and the low pressure region over northern Siberia. The former has a center at 165*W, 42*N, but extends toward Japan. Zonally symmetric anomalies are also noted.
Figure 7 also shows Cl (Z500). By looking at individual 30-day subperiods, large coefficients are scattered in different runs. For example, the first six largest Cl (Z500) are found in separate runs. But AW has consistently positive coefficients and the mean coefficient becomes the largest (a mean of the coefficients of five subperiods, C 1M, is 26). Therefore a high pressure anomaly in the North Pacific Ocean is the strongest. A4 (C1M=19) and A3 (C1M=9) follows that. On the other hand, a low pressure anomaly is strong in C (C1M=-20), A6 (C1M= -14) and AC (C1M=-10) in the 150-day mean .
E2 (Z500) explains 13.4% of the total variance and is characterized by eddies in northern high latitudes around North America. This pattern corresponds to the intensity of the Aleutian low. C2M is the largest in AS and the smallest in A2. b. Surface air temperature E1 (Z500) has a good correspondence with wintertime temperature in Japan. A composite is taken for 10 subperiods when C 1 (Z500) is large (indicated by open circles in Fig. 7 (top) ) and small (crosses in Fig. 7 (top) ). A composite for surface air temperature (Ts) is shown in Fig.  8 . This pattern is very similar to E2 (Ts), which is shown in Fig. 9 together with E 1 (Ts). E 1 (Ts) explains 17.6% of the total variance. Its variance is almost confined in high latitudes in the northern hemisphere north of 50*N. E2 (Ts) explains 15.4% of the total variance and is characterized by a large temperature contrast between East Asia and the Sea of Okhotsk. A composited mean surface air temperature anomaly map of 10 subperiods when Ts over Japan is warm (not shown) is almost identical to Fig. 8 (top) .
The correlation coefficient between C1 (Z500) and C2 (Ts) is 0.83. This high correlation is because the mid-latitude circulation response is quasi-barotropic and the anomalous warm surface air temperature in East Asia is mainly caused by anomalous warm advection by southerly winds or a weakened cold surge at the western edge of high pressure anomalies over the North Pacific Ocean. Therefore in the present experiment Japan experiences a warm (cold) Fig. 8 . The surface air temperature anomaly coinposited for 10 subperiods when C1 (Z500) is large (top) and small (bottom).
Contour interval is 1.0*. Negative values are shaded. winter when C1 (Z500) is positive (negative). From Fig. 7 , AW, where the SSTA observed during warm winter in Japan are prescribed, results in the warmest temperature in Japan.
In six runs A1 through A6, a characteristic SSTA from the composited SSTA distribution during warm winter in Japan is selected and occurs in six different regions. Among them , run A4, where a positive SSTA occurs to the south of Japan, gives the second largest C1 (Z500) and the largest C2 (Ts), resulting in a warm winter in Japan comparable to AW and the corresponding circulation anomalies .
The coldest winter in Japan is simulated in AC, where the characteristic SSTA of cold winter in Japan occurs. On the other hand, it is run C without any SSTA that has the minimum C1(Z500) and the minimum C2 (Ts).
c. Comparison with the observation
We shall compare our results with observations. Figure 10 shows the 150-day mean sea level pressure anomalies in AW and AC from the mean of all nine cases (N). In this paper, a mid-latitude circulation anomaly relevant to a warm winter in Japan is sought as an intrinsic mode of the atmosphere. Introduction of an EOF analysis is made on this standpoint. The "normal" climate should be an ensemble mean of many realizations obtained by using different SSTs, and is not C, which is only one realization obtained by using a normal SST. Thus N instead of C is used as a reference of anomalies.
As C is the case in which C 1 (Z500) is the minimum in nine cases, an anomaly map of AC relative to C is very different from that in Fig.  10 . In C-N a cyclonic sea level pressure anomaly in the North Pacific Ocean is dominant with -8 mb in its central part (not shown). The pattern of AW-C is similar to that of AW-N. Also shown are the observed January sea level pressure anomalies in warm and cold winters defined in Section 2 from the 15-year mean. Observed data are provided by the Japan Meteorological Agency but covers only the northern hemisphere with a resolution of 10* by 10*.
In both warm and cold winters, sea level pressure anomalies are characterized by a hemispheric spatial scale with positive and negative anomalies over the North Pacific Ocean and northern Eurasia. The January sea level pressure anomalies in both the warm and cold winters are reproduced well by experiments AW-N and AC-N, especially in the eastern hemisphere. Figure 11 shows the 150-day mean surface air temperature anomalies obtained in AW-N and AC-N. Observed anomalies are calculated from the northern hemisphere surface air temperature anomaly dataset by Robock (1982) . This dataset covers the northern hemisphere with a resolution of 5* in latitude and 10* in longitude from January 1891 to December 1981. Therefore, to compose surface air temperature anomalies, January data from 1970 to 1981 are used, where Januarys of 1972, 1973 and 1979 are chosen for the warm years and those of 1974, 1977 and 1981 are chosen for the cold years.
As suggested from a close relationship between E 1 (Z500) and E2 (Ts), and a large contribution of E 1 (Z500) by AW (Fig. 7) , the surface air temperature distribution in AW-N resembles E2 (Ts). It is warm in broad areas in the eastern half of the Eurasian continent with its maximum over the East China Sea. It contrasts well with colder temperature over the Sea of Okhotsk and the Bering Sea. This northeast-southwest contrast of surface air temperature with its node around North Japan resembles the observed pattern. This has a close relation with the finding by Miyazaki, Tanaka and Matsubayashi (1986, personal communications) that temperature over Japan tends to be above normal in winters of the mature phase of El Nino, but that it is statistically significant only in the Ryukyu islands. These temperature distributions correspond with wind anomalies near the surface.
Another large temperature anomaly in observations can be found in North America. It is warm in the eastern United States and cold in the rest of North America, which is associated with an anomalous trough over Canada and a ridge in the North Atlantic Ocean. These features in and around North America are seen in AW-N.
The surface air temperature anomalies obtained in AC-N are highlighted with the temperature contrast between the western and eastern peripheries of the North Pacific Ocean. Both the Siberian high and the Aleutian low are strong (Fig. 10) . These bring cold arctic air into East Siberia and the cold surge over East Asia is strong. In the western part of North America, including Alaska, anomalous southerly winds bring about warm temperature anomalies. These features are in reasonable agreement with the observation. However the observed temperature distribution over northern Eurasia is not simulated and may not be explained solely by the sea surface temperature anomalies.
7. Discussions a. Relationship between precipitation and circulation anomalies In the previous section, it is shown that the circulation pattern which affects the winter climate in East Asia has a hemispheric scale and is particularly related with geopotential height anomalies around 40*N. In this subsection relationships between precipitation and circulation anomalies will be examined.
A composite map for the precipitation anomalies taken for 10 subperiods when C 1 (Z500) is large is shown in Fig. 12 . The spatial pattern of this mode is characterized by positive precipitation anomalies over a narrow belt on the equator over the western Pacific Ocean westward of the dateline and around Hawaii, and negative ones between Indonesia and Australia and the North Pacific Ocean with a center around 40*N. Anomalous precipitation distribution in low latitudes resembles that found in El (Pr) shown in Fig. 6 . The correlation coefficient between C 1 (Pr) and C1 (Z500) is 0.53, but eight out of 10 cases with large C1(Z500) have also large C1(Pr) (see Figs. 6 and 7) . Figure 12 indicates that the low-latitude precipitation pattern extracted from the EOF analysis has a close relationship with the mid-latitude circulation pattern, which strongly affects the surface temperature distribution in East Asia.
It is also indicated from Figs. 6 and 7 that a large portion of the total variance in E l (Pr) and E1 (Z500) comes from run AW. However, even if five subperiods for AW are removed from compositing Figs. 8 and 12, the results (not shown) do not change much, only reducing the magnitude of a pair of strong precipitation anomalies between the maritime continent and northeast of New Guinea. In the composite map without AW, there are still positive precipitation anomalies over northeast of New Guinea on the equator and over a large part in the central Pacific Ocean between the equator and 20*N with its maximum south of Hawaii and a broad negative precipitation anomaly area in the central North Pacific Ocean. Figure 13 shows the correlation coefficient map between grid values of precipitation anomalies in 45 subperiods and C1 (Z500). Regions with high correlation are found over the North Pacific Ocean. The precipitation anomaly south of Hawaii (155*W, 14*N) is highly correlated with C1 (Z500). The moisture which is required for this precipitation anomaly comes from the southwest. A moisture budget analysis reveals that the weakened westerlies due to high pressure anomalies are responsible for the negative evaporation anomalies over the North Pacific Ocean around 40*N, which cause the negative precipitation anomalies there. The positive precipitation anomalies over Alaska are due to the anomalous westerly moisture flux and its convergence from the Bering Sea and the Sea of Okhotsk. Thus, the precipitation anomalies in northern mid-latitudes have been closely tied to mid-latitude circulation changes.
b. Additional run
Since it is shown that the heating anomaly around the dateline near the equator correlates well with the mid-latitude circulation pattern which mostly affects the climate in East Asia, an additional run was performed to test this relationship. This run, A7, used a positive SSTA to the east of the dateline on the equator, i.e., 180*-155*W, 6*S-6*N (see Fig. 3 ), with the maximum of 1* in the central part of this anomaly region.
The top panel of Fig. 14 shows the result, A7-N, for precipitation. There is a large positive anomaly over the SSTA region at the equator. A large asymmetry with respect to the equator exists. Positive anomalies extend northeastward and join a positive anomaly belt at 20*N. This contrasts with large negative anomalies east of New Guinea at 10*S. Thus, the precipitation anomaly map obtained in A7-N is similar to Fig.  12 . A sea level pressure anomaly map (Fig. 14, bottom) shows strong high pressure anomalies over the entire North Pacific Ocean, which have a quasi-barotropic structure. Run A7 also shows warm surface air temperature anomalies over East Asia with its center in South China (not shown). It is noteworthy that the sea level pressure response in A7 is much stronger than in any other run. This again suggests the preference of the positive SSTA near the dateline on the equator, which creates heating anomalies between 180*E, 0*N and Hawaii, for producing anticyclonic mid-latitude circulation anomalies. This SSTA region is included in the NINO4 region, 160*E-150*W, 5*S-5*N, defined by the Climate Analysis Center of NMC.
c. Interpretation of mid-latitude response
A steady-state atmospheric response to an equatorial forcing is studied by Matsuno (1966) , Gill (1980) , Lau and Lim (1982) , Lim and Chang (1983) and Heckley and Gill (1984) . It is shown that for an isolated heat source over the equator, the Kelvin and the gravest Rossby modes dominate in the tropics. However, our present results are not simply explained by this scenario. The stationary stream function and velocity Fig. 15 . Deep anomalous heating in AW exists around the dateline on the equator (Fig. 5) . The stream function anomaly at 200mb in AW is characterized by a cyclonic circulation to the north of the heating maximum. This is not attained directly by any equatorial forcing or a linear superposition of them. However, in AS a different circulation pattern is found, which is similar to a heat induced tropical circulation. In this case anticyclones at 200mb are found at the longitudes of the heating, not to the west of the heating, in both hemispheres. Hendon (1986) shows that this eastward shift of anticyclones from the position predicted by a linear theory results from the nonlinear response due to the larger forcing. A PNA (Pacific/North America)-like pattern, starting from an anticyclonic circulation west of Hawaii, covers the North Pacific Ocean and North America. It is noteworthy that the response in A7 is closer to that in AW than that in AS. This indicates that although the SSTAs in AS and A7 are similar in magnitude and are close in their positions, the atmospheric response is quite different, implying a high sensitivity of it to the precise position of the SSTA. Atmospheric responses obtained in some GCM studies (e.g., Blackmon et al., 1983; Geisler et a!., 1985) which used a large El Nino SST such as that in 1982/83 winter rather resemble those obtained in A5. Tokioka et al. (1986a) found different atmospheric responses to the composited SSTA by Rasmusson and Carpenter (1982) when they used the whole SSTA as compared to the SSTA westward of 140*E eliminated. The latter case produced a PNA-like pattern, somewhat similar to that in AS. It should be stressed that the SSTA distribution in AW is not quite the same as the El Nino composite of Rasmusson and Carpenter (1982) , again implying a high sensitivity of the atmospheric response to the characteristics of the SSTA.
A surprisingly similar atmospheric response to that in AW has been obtained in an orography experiment by Tokioka and Noda (1986) . They have compared the stationary eddy response, under the perpetual January mode, of the atmosphere without mountains in North America and Greenland (NRG) with that in the control run (M). The difference in stream function and velocity potential at 200mb, M-NRG, is shown in the bottom panel of Fig. 15 . The similarity between this and AW-N or E l (Z500) in the northern hemisphere is noted. The vertically integrated diabatic heating anomalies in M-NRG (Fig. 2 in Tokioka and Noda, 1986 ) also resemble Fig. 12 in the present experiment. Note that any anomaly in M-NRG may not be a direct response to orography but a result of nonlinear interaction among orographic forcing, diabatic heating and transient eddy forcing. It may be that there is a dominant circulation mode in this model as extracted in El (Z500) and this mode is activated either by an orographic effect of the Rockies through a direct and/or an indirect response, or by an anomalous heating induced by the SSTA. Moreover, this characteristic mode may not be a fabrication of this particular model, as the anomalous circulations obtained in this experiment capture some of the composited observations at least over the North Pacific Ocean and its surroundings (Figs. 10 and 11) .
To ascertain the hypothesis that El (Z500) is an intrinsic mode in the northern mid-latitude atmosphere, the EOFs of Z500 in three different datasets are compared in Fig. 16 . Figure 16a shows the first four eigenvectors (denoted as R 1 through R4) obtained for the observed monthly northern hemisphere Z500 in January, February and December in a 41-year period from 1946 to 1986. R 1 corresponds to the PNA pattern named by Wallace and Gutzler (1981) . R2, R3 and R4 correspond to the eastern Atlantic (EA), the western Atlantic (WA) and the western Pacific (WP) patterns, respectively. Figure 16b shows the first four eigenvectors (G l through G4) obtained from a 12-year integration of the MRI•GCM-I (Tokioka et al., 1986b) . The integration is performed with the prescribed SST, which changes seasonally but has no year-to-year variation. G 1, G2, G3 and G4 correspond to R2, R3, R 1 and R4, respectively. The pattern correlation coefficient between G1 and R2, PCC (G 1,R2), calculated in a region between 20*N and 80*N is -0.76, and PCC (G2,R3) is -0.50, PCC (G3,R1) is 0.58 and PCC (G4,R4) is 0.68. The model reproduces the Tokioka et al., 1986b) . Monthly means for December, January and February are used, n = 36. (c) The present experiment. Same as in Fig. 7 except that only the northern hemisphere data are used, n=45.
observed low-frequency variability patterns reasonably. The difference is that the PNA is weaker in the model than in the observation. Considering that no year-to-year variation of the SST is allowed in the model, the observed PNA mode seems to be highly influenced by a variable SST such as El Nino. Further comparison of the low-frequency variability of the atmosphere between the observation and the 12-year run will be the subject of a future paper. Figure 16c shows El through E4 obtained in this experiment. PCC (E1,G4) is -0.73 and PCC (E2,G1) is -0.88. This indicates that the northern mid-latitude atmosphere has an intrinsic variation pattern such as E 1 (Z500), which is closely related with warm winter in Japan, in this model and also in the observation. Resemblance of this mode to M-NRG suggests that this intrinsic mode is closely related with the existence of orography. Moreover, the fact that this mode is obtained as the first eigenvector in this experiment implies the positive role of the SSTA in increasing the variability of this mode.
It is already shown that the response in A5 can be understood as a circulation induced by an anomalous heating due to the SSTA. However the response in A7 or AW is quite different from that in A5 (Fig. 15) . The pattern in A7 or AW can be understood as a response to subtropical mass source/sink distribution under the framework of a linear theory. To show this, the linearized shallow-water equation model by Grose and Hoskins (1979) is used.
It is shown in Fig. 15 that in AW and A7, the convergence in the upper troposphere in the eastern Pacific Ocean around 30*N forms a pair with the divergence in East Asia. They are very different from the anomalous divergent circulation in A5. Figure 17 shows a steady stream function response to a mass source at 140°E, 30*N and a mass sink at 140*W, 30*N with the same magnitude calculated by the use of the linear shallow-water model. The zonally averaged zonal wind at 200mb in C is used as a basic field and the shape of the forcing is circular with a radius of 10*. The orography is not considered. Other details are the same as in Grose and Hoskins (1979) . This map picks up some of the salient features appearing in AW-N in the North Pacific Ocean. On the other hand, the mass source around the dateline at the equator yields a subtropical anticyclone pair and an extratropical wave train like that found in AS-N. Held and Kang (1987) showed that subtropical divergence anomalies are of more importance than tropical anomalies in generating the extratropical wave train in a barotropic model because the divergence term becomes dominant in extratropics in vorticity generation. The reason for generating such an mass source/sink distribution should be sought in future research. There are some possibilities, including a possible role of a tropically forced Rossby wave in creating the subtropical divergence anomaly as suggested by Held and Kang (1987) , as well as the interactions between the tropical forcings and a subtropical jet (Lau and Boyle, 1987) , or the zonally averaged zonal wind (Kang and Lau, 1986) . In the present experiment the prescribed SSTA to the south of Japan (run A4) results in large C1 (Z500), bringing less cold surge there. This suggests the possibility of directly creating a subtropical mass source or sink by mid-latitude SSTAs. As to the relationship between midlatitude SSTAs and circulation anomalies, Kawamura (1984 Kawamura ( , 1986 and Iwasaka et al. (1987) show by lag-correlation analysis that the SSTA near Japan is highly correlated with the mid-latitude circulation one-month before in winter. The present experiment suggests that the warm SST over the western Pacific Ocean is not only modulated by thermal forcing (cold surge) of the atmosphere, but also may contribute to forming such a circulation to some extent.
Conclusions
One control (C) and nine anomaly runs (AW, AC, Al,.... A7) under the perpetual January condition are performed to investigate the impact of sea surface temperature anomalies on atmospheric circulations with emphasis on the winter climate in Japan.
Run AW (AC) uses the composited SSTA of 1972 SSTA of , 1973 SSTA of , 1979 SSTA of and 1983 SSTA of (1974 SSTA of , 1977 SSTA of , 1981 SSTA of and 1984 when Japan experienced warm (cold) winters between 1970 and 1984. Runs A 1 through A6 use an idealized rectangular SSTA with its maximum of 1*, which is positive over the south maritime continent, the north maritime continent, the Indian Ocean, south of Japan, the central equatorial Pacific Ocean and negative east of the Philippines, respectively. An additional run A7 specifies a positive SSTA over the equator to the east of the dateline. Each run has been integrated for 180 days and the last 150 days' data are used for the analysis.
The EOF analyses based on the 30-day average model data for 500mb height, surface air temperature and precipitation are performed. It is shown that leading eigenvectors of precipitation are zonally elongated in the tropics and the distribution of a pair of positive and negative precipitation anomalies is highly dependent on the SST and precipitation field in the control run.
E 1 (Z500) has a tendency to appear simultaneously with E2 (Ts). These eigenvectors are associated with a height anomaly over the North Pacific Ocean and warm temperature over China-Japan region and cold temperature over the Sea of Okhotsk. Run AW has the highest scores of C l (Z500), resulting in the warmest Japan in the experiment. A4 (warm SSTA to the south of Japan) follows AW, in which the cold surge from Siberia is weak over China and Japan. On the other hand, run C (control experiment without any SSTA), A6 (cold SSTA to the east of the Philippines) and AC show the three small C1 (Z500). The simulated anomalies in midlatitude circulation and surface air temperature for AW and AC are comparable to the composited observations in the North Pacific Ocean and its surroundings, suggesting the importance of the SSTAs as boundary forcings.
There is a high correlation between C 1 (Pr) and C 1 (Z500). The spatial pattern of this precipitation mode is characterized by positive anomalies over a narrow belt on the equator over the western Pacific Ocean westward of the dateline and to the south of Hawaii, and has negative ones between Indonesia and Australia, and over the North Pacific Ocean with its center at 40*N. It is indicated that a heating anomaly south of Hawaii is highly correlated with C 1 (Z500). It is also suggested by an additional run that the SSTA just to the east of the dateline on the equator is effective in producing such a heating and circulation anomaly.
The response obtained in AW is not a simple atmospheric response to tropical heating. It is conceivable that there is inherently a dominant circulation mode like El (Z500) and that this mode can be activated either by a direct and/or an indirect orographic effect, or by an anomalous heating induced by the SSTA. This pattern can be understood as a response to subtropical mass source/sink distribution under the framework of a linear theory.
